We have used FISH to determine the level of sychronisation in replication timing of four pairs of alleles, unrelated to chromosome 21 (p53, HER2, RB1, and c-myc), in foetal (amniotic fluid) cell samples of Down syndrome and in normal foetuses. All samples derived from the Down syndrome subjects showed large temporal differences in replication timing, in contrast to the high level of synchrony shown in all samples of normal individuals. Thus, as judged by four independent loci which are not associated with chromosome 21, the additional chromosome in the Down syndrome genome induces changes in the replication pattern of an allelic pair: from a synchronous pattern characteristic to concomitantly expressed alleles to an unsychronised one shown by alleles displaying an allele-specific mode of expression.
Introduction
Replication patterns of known protein-encoding DNA sequences reveal a correlation between the specific time interval during the S-phase (of the cell cycle) at which a given DNA sequence in a given tissue is being replicated and its transcriptional status: expressed loci usually replicate early, while unexpressed ones replicate late. Hence, in many cell types, most housekeeping genes replicate early, whereas most tissue-specific genes demonstrate a differentiation-dependent pattern of replication, undergoing early replication in cells where they are expressed and late in cells where they are not expressed. [1] [2] [3] The tight association between replication timing and expression is best manifested by X chromosomes in cells of eutherian mammals where one X chromosome (apparently for dosage compensation) is inactivated and, as such, replicates late, while its active counterpart replicates early. [4] [5] [6] With the exception of X chromosome loci, classical replication studies showed that homologous chromosomal segments usually replicate highly synchronously. [7] [8] [9] This behaviour is in accord with the simple Mendelian manner where two allelic loci are expected to be expressed concomitantly.
In the past, in order to follow the replication pattern of a given DNA sequence, cell synchronisation or cell sorting was required, in addition to pre-labelling of the newly formed DNA with BrdU. Recently, a simpler and faster method was developed, based on fluorescent in situ hybridisation (FISH), which enables determination of replication timing of allelic DNA sequences in unsynchronised cell populations. 10 Accordingly, an unreplicated DNA sequence reveals at interphase a single fluorescent signal (singlet; S) while a replicated sequence gives rise to a doubled signal (doublet; D). Thus, a pair of allelic loci that replicate synchronously show a high frequency of nuclei displaying two similar hybridisation signals: either two singlets (SS) or two doublets (DD). On the other hand, allelic loci which replicate asynchronously reveal a high frequency of nuclei containing two different signals, a singlet and a doublet (SD).
Using this method it was clearly shown that a pair of alleles which are known to be expressed concomitantly replicate synchronously, [10] [11] [12] [13] whilst alleles subjected to some mechanism leading to alelle-specific expression, such as imprinting, 11, [14] [15] [16] X chromosome inactivation, 12 or some other allelic inactivation, 13, 17 replicate asynchronously.
Recently, using the FISH assay, 10 it was shown that the replication pattern of various (non-specific) allelic loci in malignant cells was drastically changed. 13, 18, 19 This phenomenon was attributed to the chromosomal and genetic instability associated with the cancer phenotype.
Down syndrome (trisomy-21) is the most common genetic cause of mental retardation: up to 1 in 600 newborns suffer from this syndrome. The various traits associated with Down syndrome, a multifactorial genetic disorder, have variable penetrance and expression in the Down population. 20, 21 In the present study we examined whether the gross genomic disturbances caused by the additional chromosome in trisomy-21 are accompanied by loss of replication control.
To test this hypothesis, we evaluated the replication patterns of four allelic loci, p53, HER2, RB1 and c-myc, in foetal cell cultures derived from foetuses with Down syndrome genotype and from normal ones. The p53 and HER2 loci were previously shown to replicate synchronously in normal cells and asynchronously in malignant cells.
13,18

Materials and Methods
Cell Cultures
Fourteen human amniotic-fluid cell cultures were established following amniocentesis diagnoses. Seven cultures (samples 1-7) showed normal disomic karyotypes whilst seven others (samples 11-17) carried trisomy-21. The cells were grown in 25 ml tissue-culture flasks (Falcon) at 37°C in 5% CO 2 with F10 medium (Biological Industries, Beit Haemek, Israel), supplemented with 20% FCS (Biological Industries, Beit Haemek, Israel), 1% glutamine, and 1% antibiotics, until approx. 3/4 confluent and still actively dividing. Following exposure to colcemid (Sigma, Israel) (final concentration of 0.2 µg/ml) for two h, cells were harvested in trypsin (Sigma, Israel), treated with 0.075M KCl at 37°C for 15 min, and washed three times with a fresh cold 3:1 methanol:acetic acid solution. The amniocyte suspensions were stored at -20°C until use. All cell samples used were taken from the original culture flasks without any passage.
Slide Preparation
Glass slides were pre-cleaned for FISH by incubation in a concentrated sulphochromic solution, rinsed with distilled water followed by two series of absolute ethanol, and then dried with a clean cloth. The stored cell suspensions were washed with a fresh cold 3:1 methanol:acetic acid solution and then dropped onto the pre-cleaned slides and air dried.
Probes
Four direct-labelled commercial probes were used, each identifying a single specific chromosome region: 
In-situ hybridisation
Fresh slide spreads were denatured for 2 min in 70% formamide/2 ϫ SSC at 70°C and dehydrated in a graded ethanol series. The probe mix was then applied to air-warmed slides (30 ml mix sealed under a 24 ϫ 50 mm glass cover slip) and hybridised for 18 h at 37°C in a moist chamber. Following hybridisation the slides were washed in 50% formamide/ 2 ϫ SSC for 20 min at 43°C, rinsed in two changes of 2 ϫ SSC at 37° for 4 min each, and placed in 0.05% Tween 20 (Sigma, Israel). The slides were counterstained in DAPI (Sigma, Israel) antifade solution and analysed for simultaneous viewing of FITC, Texas-red and DAPI (Imagen Optic). Magnitec Imaging Processing System (Petach-Tikva, Israel) was used for FISH analysis.
Cytogenetic Evaluation
Between 54 and 140 interphase cells which showed two hybridisation signals following mono-color FISH were analysed from a sample for a given probe ( Table 1 ). The cells were classified into three categories according to Selig et al: 
Statistical Analyses
These statistical tests were used in the analysis of the data presented in this study:
(a) The two-sample t-test and non-parametric tests were applied for testing differences between the study groups for quantitative parameters;
(b) Pearson 2 and Fisher exact tests were applied to examine differences between the study groups for the categorical parameters; and (c) the Spearman correlation was applied for testing the correlation between the study groups in other parameters examined.
All tests applied were two tailed, and P value of 5% or less was considered statistically significant. The data were analysed using the SAS software.
Results
Following FISH with each of the four probes, p53, HER2, RB1 and c-myc, two replication patterns of alleles were observed in interphase nuclei of cells undergoing DNA synthesis:
(i) nuclei containing two similar hybridisation signals, ie two singlets (SS) or two doublets (DD), indicating alleles at the same replication status (Figure 1a and Figure 1b) , and
(ii) nuclei containing two different signals, ie a singlet and a doublet (SD), indicating alleles differing in their application status (Figure 1c ).
For each sample, the frequency of SS, DD and SD cells was recorded.
Following FISH with the p53 and the HER2 probes the frequencies of SD cells in samples of four normal genotypes (samples 1-4) were lower (with means of 11.0 ± 1.2% and 10.2 ± 1.0%, respectively) than the corresponding values in four Down syndrome subjects (samples 11-14; means of 22.0 ± 1.8% and 26.3 ± 1.7%, respectively; Figure 2 (i) and (ii)). The Down syndrome group differed significantly from the normal group in the level of asynchrony of the p53 (P = 0.005) and the HER2 locus (P = 0.002).
Similarly, the frequencies of SD cells following FISH with the RB1 and c-myc probes were notably lower in the normal group (samples 5-7) than in the Down syndrome group (samples 15-17; Figure 3 (i) and (ii)). In the normal group the mean value for RB1 was 8.9 ± 1.8% and for c-myc 9.3 ± 1.3%; the corresponding mean values in the Down syndrome group were 23.2 ± 0.8% and 22.7 ± 0.6%.
Within each group the inter-individual variation was low; the various samples within each group showed similar (P > 0.50) levels of synchrony in replication timing of a given locus (Figure 2 and Figure 3 (i) and (ii)).
Moreover, no difference (P > 0.50) in the frequency of SD cells was observed between the two pairs of alleles tested in a given sample. Using the combined data of p53 and HER2 (Figure 2 (iii) ), and the combined data of RB1 and c-myc (Figure 3 (iii) ) for the corresponding samples, a highly significant difference (P = 0.003) in the level of SD cells between Down Replication asynchrony in Down syndrome t syndrome genotypes and normal genotypes was demonstrated. Thus, in the trisomy-21 genotypes all four pairs of alleles tested displayed an early and late replication pattern, whereas in normal genotypes all four pairs showed a synchronised pattern. When the frequencies of SS and DD cells were examined there appeared a difference (P = 0.007) between the two groups of samples in the frequency of SS cells; the trisomy-21 samples showed lower levels of SS cells than normal samples (Figure 2 and Figure 3 ). This data indicate that in the Down syndrome genotypes the early replicating allele of each pair usually replicates earlier than its scheduled replication timing in a normal genome.
Discussion
We examined the replication pattern of four independent pairs of alleles, p53, HER2, RB1 and c-myc in normal disomic cells and in trisomy-21 cells derived from Down syndrome subjects. When present in disomic cells, each of the four pairs of alleles replicated highly synchronously; no differences were observed between these independent pairs of alleles. Similarly, samples from normal subjects showed no inter-individual variation in the replication pattern of alleles. That normal disomic cells show high levels of synchrony in replication timing of homologous loci was previously shown for other coding loci expressed in the expected Mendelian manner (see Introduction), as well as for the non-coding α-satellite loci. 19 In each normal sample a fraction of cells (ranging from 7.8 to 11.6% in the various samples; mean of two allelic pairs tested in each sample) showed replication asynchrony of alleles. This phenomenon is not due to temporal differences in replication timing, but rather a limitation of the FISH assay that mistakenly identifies about 10% of doublets as singlets. 10 This FISH technical limitation has already been described by Lichter et al 22 to explain the finding that following FISH with a specific probe around 10% of identified loci showed at metaphase hybridisation signals on one chromatid only.
In contrast to normal samples, all samples carrying trisomy-21 showed high frequencies (ranging from 21.3 to 27.0% in the various samples; mean of two allelic pairs tested in each sample) of cells with only one replicated allele, whilst its counterpart is unreplicated. This frequency should be considered high, since the frequency of cells showing the SD pattern cannot exceed that of S-phase cells in a given cell populationusually around 25% in non-synchronised human cultures. 23 In normal replicating cells, alleles p53, HER2, RB1 and c-myc displayed a pattern of replication usually shown by concomitantly expressed alleles according to the expected Mendelian manner. On the other hand, these same loci when present in cells carrying an additional chromosome-21 displayed an early and late replication pattern, similarly to alleles subjected to a process leading to mono-allelic expression. Evidently, this phenomenon is not chromosome-specific, since it was observed for p53 and HER2 loci located on chromosome 17, for the RB1 locus mapped to chromosome 13 and for c-myc located on chromosome 8.
From a functional point of view, mono-allelic expression due to late replication of one allele is equivalent to loss of heterozygosity (LOH) caused by allelic deletion -a common genetic instability associated with developmental abnormalities and malignancy, reviewed by Moulton et al. 24 Taking into account that scheduled replication is essential for normal growth and development (see Introduction), then the loss of replication temporal control in Down syndrome foetal cells may play a role in the large phenotypic defects associated with the additional chromosome in this anomaly.
Whether the loss of replication control is specific to the dosage effect of chromosome 21 or accompanies aneuploidy in general is not yet clear. However, we have some preliminary evidence that the RB1 alleles show an asynchronous pattern of replication in foetal cells carrying trisomy-18, and that the HER2 alleles replicate asynchronously in cells of trisomy-13 foetuses (work in progress). Moreover, loss of replication control was reported in cancer cells in association with loss and gain of chromosomes. 13, 19 It may well be possible, therefore, that chromosomal unbalanced genomes interfere with the programmed differentiationdependent replication and thus contribute to the various disorders caused by constitutional as well as sporadic aneouploidy.
